Dopamine (D2) receptors visualized in postmortem human striatum by quantitative autoradiography of [3H]spiroperidol binding are organized into circumscribed zones of low receptor density separated from other such zones by regions of higher D2 density. The D2-rich zones of the caudate nucleus and putamen contain twice the binding of D2-poor zones. The Hill coefficient, obtained from saturation analysis of [3H]spiroperidol binding to thin sections of human striatum, gave a value near unity, indicating the binding was occurring to a single type of site. The patchiness of [3H]spiroperidol binding was unaltered by postincubation removal of lipid from the tissue sections, indicating that a differential absorption of tritium in white and grey matter does not account for the heterogeneous distribution. The D2-rich and D2-poor regions appear to form labyrinths oriented in the anterior-posterior axis and are typically aligned with, respectively, acetylcholinesterase-rich and -poor compartments as visualized on stained adjacent sections. Thus, the distribution of dopamine D2 receptors conforms to the "striosomal" organization of the human caudate-putamen, a finding that suggests that this receptor subtype may mediate the influence of dopamine on distinct neurochemical compartments within the structure. The brain transmitter dopamine has profound effects on mammalian movement and sensorimotor coordination. The massive ascending projections of the ventral midbrain dopaminergic neurons have been well characterized, and strong evidence points to a critical role of this system in several major neurological disorders. Abnormalities of dopaminergic transmission in human brain contribute to Parkinson disease, drug-induced dyskinetic reactions, and the cognitive disturbances of acute psychotic states (1-3). The D2 receptor (4) appears to be the principal site of action of dopamine receptor agonists and antagonists on behavior of humans and animals (5, 6). An understanding of how the D2 receptor contributes to the diversity of dopaminergic influences in the human necessitates that the distribution of these sites be determined with a high degree of anatomical resolution. This has been achieved though the application of the autoradiographic approach for the visualization of dopamine D2 receptors (7) and of computer-assisted quantitative autoradiography (8) .
The brain transmitter dopamine has profound effects on mammalian movement and sensorimotor coordination. The massive ascending projections of the ventral midbrain dopaminergic neurons have been well characterized, and strong evidence points to a critical role of this system in several major neurological disorders. Abnormalities of dopaminergic transmission in human brain contribute to Parkinson disease, drug-induced dyskinetic reactions, and the cognitive disturbances of acute psychotic states (1) (2) (3) . The D2 receptor (4) appears to be the principal site of action of dopamine receptor agonists and antagonists on behavior of humans and animals (5, 6 ). An understanding of how the D2 receptor contributes to the diversity of dopaminergic influences in the human necessitates that the distribution of these sites be determined with a high degree of anatomical resolution. This has been achieved though the application of the autoradiographic approach for the visualization of dopamine D2 receptors (7) and of computer-assisted quantitative autoradiography (8) .
In the rodent striatum, a sharp lateral-to-medial gradient of D2 receptors has been observed (8, 9 ) that appears to correspond to a similar gradient of markers for acetylcholine (AcCho) nerve terminal density (10) . The region of highest D2 binding in the lateral striatum receives projections from sensory and motor cortex (11) and contributes importantly to sensorimotor functioning in the rat (12) . The striatum of carnivores and primates (including humans) shows a complex compartmentalization that can be visualized with histochemistry for the AcCho-degradative enzyme acetylcholinesterase (AcChoE) (13) . Circumscribed zones poor in AcChoE staining ("striosomes") are observed against a darker matrix and are coincident with other neurochemical, afferent terminal, and efferent neuron compartments (14) . (8) (9) (10) (15) (16) (17) . Briefly, coronal sections 20 ,um thick were cut at -15°C in a cryostat and thaw-mounted onto gelatin-coated glass slides. Immediately prior to incubation with radioligands, the sections were thawed and dried at room temperature, then transferred to glass dishes containing the preincubation buffer (50 mM Tris HCl, pH 7.1/120 mM NaCl/5 mM KCl/2 mM CaCl2/1 mM MgCl2/1 mM ascorbic acid) for 5 min at 22°C. Then After development of the Ultrofilm, the slide-mounted tissue sections were fixed in 10% buffered Formalin, stained for myelin with luxol fast blue, treated with xylenes, and stained with thionin for Nissl substance. Adjacent sections, not used for autoradiography, were processed for AcChoE histochemistry (18) . To test whether regional variations in
[3H]spiroperidol binding density were correlated with cell density, the autoradiographs were overlaid with the original tissue sections used for autoradiography and subsequently stained with thionin, then regions poor and rich in
[3H]spiroperidol binding were marked on the microscope slides. Cell densities were determined separately for the [3H]spiroperidol-rich and -poor zones by drawing the cells onto paper with the aid of a drawing tube connected to an Olympus BHA microscope (x40).
Computer-Assisted Image Analysis and Densitometry. The illuminated image of each autoradiograph was digitized. Then, by using the standard curve for each piece of film that is generated from the tritium-containing standards, the original grey value of each pixel was transformed to a linear function of the quantity of [3H]spiroperidol (fmol/mg of protein). In some instances the digitized and "linearized" images of the nonspecific binding were subtracted from those of total binding to obtain images of specific binding. Proc. Natl. Acad. Sci. USA 83 (1986) complexly shaped islands separated by regions of considerably less density. The D2-rich and -poor zones extended throughout the entire caudate nucleus and rostral portion of the putamen. The D2-rich and -poor zones were independently traced through several consecutive sections with little variation in position, shape, or size ( Fig. 1 A and B) . In two of the three cases used for autoradiography [A-20-85 (Fig. 1) and A-185-85 (Fig. 3)] , the D2-poor regions appear as circumscribed islands against a matrix of higher D2 binding. In the other case [A-251-84 (Fig. 2) ] the predominant patterning appears as circumscribed D2-rich zones against a lighter background, though circumscribed D2-poor regions are also identifiable.
Quantification of digitized linearized autoradiographs revealed that, for both the caudate nucleus and putamen, the [3H]spiroperidol binding in the D2-rich zones was approximately twice that of the D2-poor zones. In the caudate nucleus the [3H]spiroperidol-rich zones averaged 420 ± 11 fmol/mg ofprotein (+SEM), and the D2-poor zones averaged 220 ± 7 fmol/mg of protein. Similarly, the D2-rich zones in the putamen averaged 450 ± 6 fmol/mg of protein, whereas the D2-poor zones averaged 240 ± 7 fmol/mg of protein. The binding in D2-rich zones of the nucleus accumbens septi (330 + 10 fmol/mg of protein) was significantly lower than in the other regions, but it still exceeded that in the D2-poor zones (200 ± 8 fmol/mg of protein).
Correspondence Between Zones of [3H]Spiroperidol Binding and AcChoE Histochemistry. Sections of human striatum processed for AcChoE histochemistry displayed a heterogeneous distribution of this enzyme. In general, AcChoE-poor zones 400-900 Am in diameter were observed against a background of darker AcChoE staining in caudate and putamen (Figs. 2C and 3E) . The AcChoE-poor zones could be traced through several consecutive 20-,um-thick coronal sections with little variation in shape or size. Photograph of adjacent section that was stained for AcChoE. (F) Drawing, derived from E, showing in outlines AcChoE-poor zones. Some AcChoE-poor zones are marked with arrows and correspond to D2-poor zones that are marked in C and D. To assist in depicting the effect of chloroform extraction on the nonspecific binding, the photographic negatives of A and B were underexposed relative to the images of specific binding. IC, internal capsule; PUT, putamen; NAS, nucleus accumbens; CN, caudate nucleus. peridol autoradiography or stained for AcChoE revealed a close correspondence between D2 binding and AcChoE histochemical reaction product (compare Fig. 2 A and B with C, and Fig. 3 C and D with E) . The D2-rich and -poor zones and their correspondence with AcChoE zones are apparent in the digitized image of the original autoradiograph (compare Fig. 2 A with C) . However, the linearized image (Fig. 2B) more accurately represents the receptor heterogeneity (8) . The patterning of AcChoE was not the same in all cases. In patients A-185-85 (Fig. 3E) and A-20-85 (not shown), wellcircumscribed AcChoE-poor zones are evident against a darker AcChoE-rich matrix, typical of the patterning described by Graybiel and Ragsdale (13) . But in patient A-251-84 (Fig. 2C) circumscribed AcChoE-rich and -poor zones are equally evident. In all cases the type of patterning evidenced by the D2 receptors in the caudate nucleus and nucleus accumbens closely matched that of the AcChoE heterogeneities. This was verified by independently drawing the AcChoE zones and D2 zones onto acetate sheets and comparing the degree of overlap. In the caudate nucleus and nucleus accumbens the degree of overlap was typically 96%.
The correspondence between the D2 receptor density and the AcChoE histochemical reactivity is more variable in the putamens of all the patients. This may be due to the fact that fewer AcChoE striosomes are observed in the putamen (13) .
To test whether differential absorption of tritium in white versus grey matter might account for the apparent compartmentalization of D2-rich and -poor zones, we determined whether this patterning was evident in autoradiographs generated from sections after chloroform extraction of lipid material. The image of nonspecific binding after chloroform treatment (Fig. 3B) shows almost completely uniform [3H]spiroperidol binding, whereas the section not treated with chloroform (Fig. 3A) shows the white matter/gray matter differences characteristic of differential absorption. Importantly, the images of specific binding derived from chloroform-or non-chloroform-treated sections show similar patterns of [3H]spiroperidol binding (Fig. 3 C and D (6, (19) (20) (21) or thin sections of rat striatum (8, 9, (15) (16) (17) (e.g., internal capsule). Because this fiber bundle makes up a significant proportion of the volume of the sections, the estimated Bmax will be low. Second, the patient used for that experiment was 62 years old, and there appears to be an age-related reduction in caudate D2 receptor density (24) . The patients used for autoradiography provide evidence that an age-related decline in D2 density may affect the patterning of these receptors. In all three patients used for autoradiography, the density of D2 binding within D2-rich regions is similar; however the percentage of striatal area containing the D2-rich regions varied. Patient A-251-84 (age 68, Fig. 2 ) had significantly less area occupied by D2-rich regions than the younger patients (ages 34 and 39 years, Fig. 1 and 3 
